RNA elements in VEGFA 39 UTR and HSR. d, In vitro translation of reporter RNAs bearing VEGFA HSR (left) or GAIT element (right) in the presence of cytosolic lysates. e, U937 cells were nucleofected with pcDNA3-FLuc reporters bearing VEGFA HSR (top) or GAIT element (bottom). Cells were co-transfected with a plasmid expressing RLuc under an SV40 promoter. Relative luciferase activity (FLuc/RLuc) was expressed as mean and s.d. (3 experiments).
Ligand binding to structural elements in the non-coding regions of messenger RNA modulates gene expression 1, 2 . Ligands such as free metabolites or other small molecules directly bind and induce conformational changes in regulatory RNA elements known as riboswitches [1] [2] [3] [4] . Other types of RNA switches are activated by complexed metabolites-for example, RNA-ligated metabolites such as aminoacyl-charged transfer RNA in the T-box system 5 , or proteinbound metabolites in the glucose-or amino-acid-stimulated terminator-anti-terminator systems 6, 7 . All of these switch types are found in bacteria, fungi and plants [8] [9] [10] . Here we report an RNA switch inhuman vascular endothelial growth factor-A (VEGFA, also known as VEGF) mRNA 39 untranslated region (UTR) that integrates signals from interferon (IFN)-c and hypoxia to regulate VEGFA translation in myeloid cells. Analogous to riboswitches, the VEGFA 39 UTR undergoes a binary conformational change in response to environmental signals. However, the VEGFA 39 UTR switch is metaboliteindependent, and the conformational change is dictated by mutually exclusive, stimulus-dependent binding of proteins, namely, the IFNc-activated inhibitor of translation complex 11, 12 and heterogeneous nuclear ribonucleoprotein L (HNRNPL, also known as hnRNP L). We speculate that the VEGFA switch represents the founding member of a family of signal-mediated, protein-dependent RNA switches that evolved to regulate gene expression in multicellular animals in which the precise integration of disparate inputs may be more important than the rapidity of response.
VEGFA is induced by hypoxic stress in pathological settings such as tumour cores and atherosclerotic lesions [13] [14] [15] . These sites are enriched in inflammatory cytokines, including IFN-c, which represses myeloid cell expression of VEGFA and other inflammatory proteins by IFN-cactivated inhibitor of translation complex (GAIT)-mediated translational silencing 16, 17 . Macrophages simultaneously exposed to opposing inflammatory and hypoxic signals must render a decision to restrict GAIT function to allow VEGFA synthesis and risk inflammatory protein accumulation, or to permit GAIT-mediated inhibition of VEGFA synthesis and risk unrelieved hypoxia. To determine the cell response to this dilemma, U937 monocytic cells were exposed simultaneously to hypoxia and IFN-c. The decrease in VEGFA protein after normoxic, IFN-c treatment for 24 h was completely abrogated by hypoxia ( Fig. 1a Supplementary Fig. 1 ). Polysome profiling and PCR following reverse transcription (RT-PCR; or quantitative RT-PCR (qRT-PCR)) showed that hypoxia restored VEGFA translation ( Supplementary Figs 2 and 3 ). Consistent with other reports, mild hypoxia inhibited total protein synthesis nominally ( Supplementary  Fig. 4 ) 18 . Thus, hypoxia overrides GAIT-mediated repression of VEGFA translation observed in normoxia 16 .
To determine whether hypoxia inhibits the GAIT pathway or specifically alters the VEGFA mRNA response to IFN-c, we compared in vitro translation of firefly luciferase (FLuc) reporter transcripts bearing ceruloplasmin (CP) and VEGFA mRNA 39 UTRs, both containing functional GAIT elements 16, 19 . Lysates from normoxic, but not hypoxic, cells treated with IFN-c for 24 h repressed translation of the VEGFA 39 UTRbearing reporter (Fig. 1b) . In contrast, both lysates blocked translation of CP 39 UTR-bearing reporter, indicating a functional GAIT complex in hypoxia. RNA electrophoretic mobility shift assays (EMSA)/supershift analysis verified binding-competent GAIT complex in hypoxic lysates ( Supplementary Fig. 5 ). Thus, a hypoxic cells factor(s) specifically overcomes silencing of VEGFA mRNA translation, implicating a VEGFA 39 UTR-related property.
The VEGFA 39 UTR contains a 125-nucleotide, hypoxia stability region (HSR) that binds HNRNPL-a splicing factor with cytosolic activities 20 including mRNA stabilization 21, 22 (Fig. 1c ). The VEGFA GAIT element resides in the HSR, immediately downstream of the HNRNPL binding site. Translation of a reporter transcript bearing the HSR was inhibited by 24-h, IFN-c-treated normoxic, but not hypoxic, lysate (Fig. 1d ). In contrast, translation of a transcript bearing VEGFA GAIT element alone was silenced by both lysates. Expression of HSR-bearing reporter in U937 cells treated with IFN-c was also restored under hypoxia, whereas a reporter containing only the GAIT element was repressed under both normoxia and hypoxia ( Fig. 1e ). Thus, the HSR recapitulates the differential response of VEGFA mRNA to IFN-c and hypoxia in vitro and in vivo. Similar results were observed in primary human peripheral blood monocytes, murine bone marrow-derived macrophages, and other human and murine myeloid cell lines ( Supplementary Fig. 6 ). Nmx.
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Hpx. Glutamyl-prolyl-tRNA synthetase (EPRS) is the GAIT protein that binds GAIT element RNA 12, 23 . Ultraviolet-crosslinking of the HSR with lysates from IFN-c-treated cells revealed an ,170 kDa protein consistent with EPRS that binds only under normoxia ( Fig. 2a ). The interaction of a ,60 kDa protein consistent with HNRNPL was enhanced by hypoxia 22 . These bands were identified as HNRNPL ( Fig. 2a , left) and EPRS ( Fig. 2a , right) by immunodepletion. Notably, depletion of HNRNPL induces EPRS binding to the HSR, even in hypoxia, and the converse was seen after EPRS depletion, suggesting that mutually exclusive binding of HNRNPL and EPRS occurs.
Anti-HNRNPL
AS 39 UTR,332-357 , an oligomer antisense to the reported HNRNPL binding site 22 , markedly decreased HNRNPL binding to HSR RNA in hypoxic cell lysates (Fig. 2b) and restored translation inhibition of an HSR-bearing reporter RNA in the presence of 24-h, IFN-c-treated, hypoxic cell lysates, indicating that HNRNPL binding is required to overcome translation silencing (Fig. 2c) . Likewise, exogenous expression of Myc-tagged rat Hnrnpl in IFN-c-treated, normoxic cells partially restored expression of VEGFA ( Supplementary Fig.  7a ) and VEGFA HSR-containing reporter ( Supplementary Fig. 7b ). Mutation of the HSR CA-repeats abrogated binding of recombinant Hnrnpl ( Supplementary Fig. 8a ) and overcame translation repression by normoxic IFN-c treatment ( Supplementary Fig. 8b) . Similarly, U-to-C mutation in HSR nucleotide position 367 (which is essential for GAIT complex binding 16 ) blocked binding of recombinant EPRS linker (the domain that binds the GAIT element 23 ), and repressed translation even under hypoxia. Furthermore, small interfering RNA (siRNA)-mediated knockdown confirmed the requirement for HNRNPL in regulating expression of endogenous VEGFA (Fig. 2d) and VEGFA HSR-bearing reporter ( Supplementary Fig. 9 ). VEGFA expression was not repressed by IFN-c treatment of normoxic cells in which GAIT complex formation is prevented by knockdown of the essential GAIT component, ribosomal protein L13a ( Supplementary Fig. 10 ) 11 .
Surface plasmon resonance showed Hnrnpl (dissociation constant (K d ) 5 61.5 nM) and EPRS linker (K d 5 26.4 nM) have comparable affinity for VEGFA HSR RNA, suggesting that they might compete for binding, and the equilibrium could be shifted by changes in their relative amounts. Hypoxia did not increase HNRNPL expression ( Fig. 3a) . However, IFN-c treatment in normoxia markedly reduced HNRNPL expression, and hypoxia partially blocked this decrease. MG132, a proteasome inhibitor, blocked IFN-c-mediated reduction of HNRNPL (Fig. 3b) . Also, MG132 overcame translational silencing in vitro ( Fig. 3c ) and in transfected cells ( Supplementary Fig. 11 ). Thus, hypoxia overcomes the IFN-c-stimulated proteasomal degradation of HNRNPL and maintains a level of HNRNPL protein that competes with the GAIT complex for HSR binding.
The proximity of HNRNPL and GAIT complex binding sites suggests that a potential interaction contributes to mutually exclusive binding. The lowest energy (217.3 kcal mol 21 ) predicted secondary structure 24 of the HSR is stabilized by a 25-base-pair (bp) stem (Fig. 4a,  left) . The experimentally defined GAIT structural element 19 is disrupted by base-pairing with a downstream antisense strand (stem stability sequence). The lack of a GAIT element structure suggests that this predicted conformer is 'translation-permissive'. Because GAIT complex binding to the HSR under normoxia requires GAIT element recognition, we refolded the HSR under experimentally determined base-pairing constraints essential for GAIT element structure and function 19 , which predicted a 'translation-silencing' conformer that was less stable (24.1 kcal mol 21 ) than the translation-permissive conformer ( Fig. 4a, right) . We proposed that VEGFA HSR RNA might exist in both conformations, and that hypoxia and IFN-c regulate a binary switch between the conformations mediated by mutually exclusive binding of HNRNPL and GAIT complex. To validate the RNA switch experimentally, in vitro-transcribed HSR was subjected to RNase A probing 25 . Nearly all nuclease cleavage sites corresponded to nucleotides predicted to be single-stranded in both conformers ( Fig. 4a and 4b, lane 2) . A notable exception was cleavage at UTR positions 359 and 361 (GE1), predicted to be a single-stranded bulge in the translation-permissive, but base-paired in the translation-silencing conformer. Cleavage at positions 371 and 374 (GE2) had opposite characteristics, that is, base-paired in the translation-permissive but single-stranded in the translationsilencing conformer. Robust cleavage at GE1 and GE2 suggested that both conformers co-existed. The presence of the less energetically favourable translation-silencing conformer can be explained by cotranscriptional folding-that is, sequential folding of sub-domains in nascent mRNA during transcription 26 . Heat-denaturation and subsequent renaturation of the HSR eliminated the GE2 signature, establishing the presence of two conformers and a conformational switch (Fig. 4c, lanes 1 and 2) . Furthermore, we investigated the role of proteins in the RNA switch. The HSR was incubated with lysates from IFN-c-treated cells, protein was removed, and extracted RNA was probed with RNase A 27 . Normoxic cell lysates decreased GE1 cleavage, consistent with conversion to the translation-silencing conformer (Fig. 4d, lane 2) . Conversely, hypoxic lysates induced conversion to the translation-permissive conformer (Fig. 4d, lane 5) . In normoxic lysates, immunodepletion of the GAIT complex switched most RNA to the translation-permissive conformer (Fig. 4d, lane 3) , whereas HNRNPL depletion caused conversion to the translationsilencing conformer (Fig. 4d, lane 4) . In hypoxic lysates, HNRNPL depletion partially restored the translation-silencing conformer (Fig. 4d, lane 7) . These data reveal a protein-dependent, hypoxiaand IFN-c-responsive RNA switch in the VEGFA 39 UTR that regulates translation.
The VEGFA RNA switch is functionally analogous to bacterial riboswitches, undergoing conformational changes in response to environmental signals to regulate gene expression. However, the sensing mechanisms of the switches are distinct. Riboswitches respond to stimuli by direct binding of the effector molecule. In contrast, the VEGFA switch requires signal 'interpretation' by regulatory proteins (Fig. 4e) . VEGFA mRNA uses an unprecedented switching mechanism to integrate the response to two disparate stress stimuli. The switch comprises a single domain that alternates between two conformers in response to mutually exclusive binding of ligands, thereby functioning as an uncommon 'AND NOT' Boolean logic gate (Fig. 4f ) distinct from the S-adenosyl methionine and adenosylcobalamin riboswitches in Bacillus clausii metE mRNA, which bind their cognate ligands independently to form a NOR logic gate 28 . Multi-input signal integration may be advantageous for regulating gene expression in response to the diverse environmental stresses faced by metazoan cells. The switch may be myeloid cellspecific, as EPRS binding and VEGFA translational repression are not seen in HeLa cells ( Supplementary Fig. 12 ). Transcript specificity permits GAIT-mediated repression of harmful inflammatory proteins while simultaneously allowing high-level VEGFA expression to relieve tissue hypoxia 15 . We anticipate that elements in other eukaryotic transcripts will be discovered as components of RNA switches. A small upstream open-reading frame in solute carrier family 7 (SLC7A1, also known as CAT-1) mRNA internal ribosome entry site is a candidate as it undergoes a conformational change in response to amino acid availability; however, regulatory proteins have not been identified 29 . The VEGFA switch may represent the founding member of a family of protein-dependent binary RNA switches in which environmental stimuli are transduced by regulatory proteins to alter RNA conformation and control gene expression.
METHODS SUMMARY
Human U937 monocytic cells were incubated with 500 units ml 21 of human IFN-c (R & D Systems) for up to 24 h. Hypoxic treatment was in a humidified incubator at 3% p O 2 . Capped RNAs were transcribed from linearized plasmids using the mMessage mMachine transcription system (Ambion). [a-32 P]UTPlabelled VEGFA HSR RNA was transcribed using the T7-riboprobe system (Promega). RNAs were in vitro translated in rabbit reticulocyte lysate (Promega) in the presence of methionine-free amino acid mixture and translation-grade [ 35 S]methionine (Perkin Elmer) and cytosolic extract (500 ng of protein). Cells were nucleofected (Amaxa) with siRNAs or reporter plasmids containing FLuc upstream of wild-type or mutant VEGFA HSR expressed from the CMV promoter, together with RLuc driven by the SV40 promoter. For analysis of polysome-associated mRNA, ribosomal fractions were obtained by sucrose gradient fractionation 30 . RNA was isolated using Trizol reagent (Life Technologies) and subjected to reverse transcription using oligo(dT) primers and PCR using gene-specific primers. The conformational switch in the VEGFA HSR RNA was probed by enzymatic cleavage with RNase A (Ambion). To probe protein-dependent RNA conformational shifts, proteins were removed with 5% SDS on ice before RNA extraction with phenol and chloroform, and precipitation by ethanol in the presence of 2 mM MgCl 2 (ref. 27) .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
